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We show here that deoxycytidine deaminase (DCD)-deficient mutants of Escherichia coli are hypersensitive to killing by exoge-
nous cytidine, adenosine, or guanosine, whereas wild-type cells are not. This hypersensitivity is reversed by exogenous thymi-
dine. The mechanism likely involves the allosteric regulation of ribonucleotide reductase and severe limitations of the dTTP
pools, resulting in thymineless death, the phenomenon of cell death due to thymidine starvation. We also report here that DCD-
deficient mutants of E. coli are more sensitive to a series of different antibiotics, including vancomycin, and we show synergistic
killing with the combination of vancomycin and cytidine. One possibility is that a very low, subinhibitory concentration of van-
comycin enters Gram-negative cells and that this concentration is potentiated by chromosomal lesions resulting from the thy-
mineless state. A second possibility is that the metabolic imbalance resulting from DCD deficiency affects the assembly of the
outer membrane, which normally presents a barrier to drugs such as vancomycin. We consider these findings with regard to
ideas of rendering Gram-negative bacteria sensitive to drugs such as vancomycin.

A crucial step in the biosynthesis of thymidine, one of the com-
ponents of DNA, is the deamination of one of the forms of

deoxycytosine by the enzyme deoxycytidine deaminase (DCD)
(1–5). In Escherichia coli and certain other Gram-negative bacte-
ria, this enzyme operates at the triphosphate level (on dCTP),
deaminating dCTP to dUTP, which is then hydrolyzed to dUMP,
as shown in Fig. 1a (e.g., see references 4 and 5), whereas in most
Gram-positive microorganisms and in eukaryotes, this enzyme
operates at the monophosphate level, deaminating dCMP to
dUMP (Fig. 1b) (6–8). In both cases, the key intermediate is
dUMP, since this is converted to dTMP by thymidylate synthase.
Figure 1 also depicts a second route for the production of thymi-
dine, namely, the conversion of UDP to dUDP by ribonucleotide
reductase (RNR). dUDP is converted either to dUTP and subse-
quently to dUMP or to dUMP directly, depending on the organ-
ism (Fig. 1a and b). The UDP pools are generated either by de novo
synthesis or from the degradation of RNA by polynucleotide
phosphorylase (PNP) (9, 10). Mutants lacking DCD have de-
creased levels of dTTP and increased levels of dCTP (8, 11–14),
leading to increased mutation rates (8, 11, 13–15) and, in Schizo-
saccharomyces pombe, to greater sensitivity to some oxidative
damage (8). There is a third pathway that can also provide dUMP
(16–18), involving the deamination of deoxycytidine (dC) to de-
oxyuracil (dU) by cytosine deaminase (CDD). dU is then kinased
to dUMP. This pathway can apparently alleviate thymidine limi-
tation in DCD-deficient mammalian cell cultures (19), as DCD-
deficient mutants require thymidine only if they are also deficient
for CDD (12). However, in E. coli, the deoA gene-encoded thymi-
dine phosphorylase degrades dU, preventing this pathway from
supplying thymidine via dUMP generation (see reference 16 and
references therein). Inactivation of the deoA gene is required to
enable this third pathway (16).

In the work described here, we show that DCD-deficient mu-
tants of E. coli are hypersensitive to killing by exogenous cytidine,
adenosine, or guanosine and that this hypersensitivity is reversed

by exogenous thymidine. This is in contrast to previous work with
different mammalian cell lines that demonstrated that these lines
can be sensitive to deoxyadenosine, deoxyguanosine, and thymi-
dine and that this sensitivity can be relieved by exogenous cytidine
or deoxycytidine (20). We discuss these distinctions in light of the
allosteric regulation of ribonucleotide reductase. We also report
here that DCD-deficient mutants of E. coli are more sensitive to a
series of different antibiotics, including vancomycin, and consider
possible mechanisms for this increased susceptibility.

MATERIALS AND METHODS

E. coli strains. The DCD-deficient strain used here is from the Keio col-
lection, as described previously by Baba et al. (21), made from the starting
strain BW25113 (22). This starting strain (lacIq rrnBT14 �lacZWJ16

hsdR514 �araBADAH33 �rhaBADLD78) was used as the wild type (WT) in
the experiments reported here, unless otherwise stated. The dcd mutant
carries a complete deletion of the dcd gene, with a Kan insertion in place of
the gene. Strain CAG12099 (23) is MG1655 zee-3129::Tn10.

Media. The following media (24) were used: LB medium (10 g tryp-
tone, 5 g yeast extract, 10 g NaCl per liter) and minimal medium (minimal
medium A) [10.5g K2HPO4, 4.5 g KH2PO4, 1 g (NH4)2SO4, 0.5 g sodium
citrate · 2H2O]. Minimal medium A was the buffer used for dilutions. For
growth media, minimal medium A was supplemented with 10 ml of 20%
glucose, 1 ml of 1 M MgSO4, and 0.5 ml of 1% thiamine hydrochloride
(vitamin B1) per liter. Tryptone broth contained 10 g tryptone (1%) and 8
g NaCl per liter (24). The minimal medium A used here, when supple-
mented with tryptone, contained 1 g tryptone per liter (0.1%).
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E. coli genetic methods. Unless otherwise stated, all genetic methods
were described previously by Miller (24). The dcd mutant was purified
from single colonies from the Keio collection copy. Experiments were
started by inoculating a fresh single colony of the dcd mutant. For exper-
iments with LB medium, both the wild type and the dcd mutant were
grown from single colonies during the day as a seed culture in LB medium
supplemented with 50 �g/ml thymidine to a density of 2 � 108 to 3 � 108

cells/ml. For antibiotic sensitivity experiments, cultures grown overnight
and containing different concentrations of a given antibiotic were seeded
with approximately 103 cells by inoculating 2-ml cultures with 50 �l of a
10�4 dilution of a culture grown during the day. After 18 h of incubation
at 37°C on a rotor at 50 rpm, the optical density at 600 nm (OD600) was
measured. Graphs of these data display percent growth versus that in LB
medium and, for synergy experiments, in LB medium supplemented with
an antibiotic (vancomycin) and cytidine (see also reference 25). For ex-
periments with minimal medium, the over-day culture in LB medium was
spun down, washed, and resuspended in minimal A buffer before diluting
the mixture 10�4 and seeding cultures overnight. For growth curve mea-
surements based on viable cell counts, a culture grown overnight in min-
imal medium supplemented with 0.1% tryptone and 50 �g/ml thymidine
was spun down, washed, and resuspended in minimal buffer. From this
suspension, approximately 103 cells were inoculated into different media,
and samples were removed at different times and plated directly onto LB
medium for viable plate counts. After a 60-min lag time, the viable cell
counts showed straight-line growth plots on a semilog plot for several
hours.

Validation controls. We crossed out the kan-dcd insertion/replace-
ment by P1 transduction of a linked Tn10 marker from strain CAG12099
(23). This restored the wild-type phenotype with respect to colony size
and nonsensitivity to exogenous cytidine. We then transduced the kan-
dcd insertion/replacement from the Keio strain into the starting strain,
BW25113, using the linked Tn10 marker and screening the Tetr colonies
for Kanr. The Kanr colonies now had a smaller colony size and poor
growth in the absence of thymidine and were sensitive to exogenous cyt-
idine.

Chemicals. Kanamycin, tetracycline (TET), chloramphenicol
(CAM), rifampin (RIF), vancomycin (VAN), nitrofurantoin (NIT),
ciprofloxacin (CPR), cephradine (CEP), erythromycin (ERY), adeno-
sine, guanosine, uridine, thymidine, and cytidine were purchased from
Sigma (St. Louis, MO).

RESULTS
Cytidine, adenosine, and guanosine sensitivity of DCD-defi-
cient mutants in LB medium. We found that dcd strains were

strikingly sensitive to cytidine in LB medium and also to adeno-
sine and guanosine at higher concentrations and that these sensi-
tivities can be reversed by the addition of thymidine. Figure 2
exemplifies this, showing cultures grown overnight inoculated
with approximately 1,000 cells in broth medium (LB medium)
(24) (see Materials and Methods for further details) containing
either no additional supplements, 100 �g/ml cytidine, or 100
�g/ml cytidine plus 50 �g/ml thymidine (DCD-deficient mutants
grow to somewhat less than full saturation in LB medium not
supplemented with additional thymidine [see below]). Concen-
trations of 20 �g/ml cytidine prevent any detectable growth, and
concentrations as low as 10 �g/ml result in 97% growth inhibition
(Table 1). In contrast, wild-type E. coli can tolerate concentrations
of 2,000 �g/ml (Table 2) without evident detrimental effects on
growth. In fact, higher concentrations of cytidine resulted in
enhanced growth of wild-type strains. (Higher concentrations
of thymidine or uridine also resulted in enhanced growth of
both wild-type and DCD-deficient strains, with the latter re-

FIG 1 Metabolic pathway for thymidine production. (a) Thymidine synthesis in Escherichia coli. (b) Thymidine synthesis pathways in eukaryotes and Gram-
positive bacteria. Note that in Escherichia coli, the dcd-encoded deoxycytidine deaminase enzyme operates at the triphosphate level (on dCTP), whereas in most
Gram-positive microorganisms and in eukaryotes, this enzyme operates at the monophosphate level.

FIG 2 Growth inhibition of cytidine in the dcd mutant and the rescue of
killing by thymidine. The dcd mutant was grown in LB medium, LB medium
with the addition of cytidine, and LB medium with cytidine plus thymidine, at
the concentrations shown. Approximately 1,000 cells were inoculated, and
growth was monitored after 18 h.
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sponding somewhat more to uridine than the wild type.) DCD-
deficient strains were also sensitive to exogenous adenosine
and guanosine (Table 2), although in LB medium, higher con-
centrations were needed to produce the same effect as that with
cytidine. For adenosine, 100 �g/ml was required for 90% inhi-
bition of growth and 200 �g/ml was required for 99% inhibi-
tion, and for guanosine, 200 �g/ml was required for 83% inhi-
bition and 500 �g/ml was required for 97% inhibition. The
rescue of cytidine inhibition by thymidine occurred with as
little as 0.15 to 0.25 �g/ml thymidine (Fig. 3). The inhibition/
cell killing by adenosine or guanosine was also reversed by
exogenous thymidine (data not shown).

Sensitivity of DCD-deficient mutants in minimal medium.
In minimal medium (see Materials and Methods) supplemented
with 0.1% tryptone, DCD-deficient mutants grew poorly but re-
sponded to very low levels of thymidine for improved growth.
Concentrations of 0.0025 and 0.005 �g/ml thymidine (10 nM and

20 nM, respectively) restored some growth, as judged by satura-
tion levels after 18 h, and a concentration of 0.05 �g/ml restored
growth to nearly 80% of the growth with 50 �g/ml (Fig. 4).
Growth curves based on viable cell counts (data not shown) (see
Materials and Methods) validated these results, as the growth
rates with 0.05 �g/ml thymidine were indistinguishable from
those with 50 �g/ml (doubling time of 25 min), while the growth
rates with no added thymidine were significantly lower (doubling
time of 44 min). Cytidine concentrations as low as 1 �g/ml pre-
vented 95% of growth (Table 3). This was easier to see when 0.005
�g/ml thymidine was added, as the growth levels before the addi-
tion of cytidine were higher. While 0.005 �g/ml thymidine was
sufficient to restore levels of growth nearly 50% or higher under
the conditions of the experiments in the absence of cytidine,
higher concentrations (0.15 to 0.25 �g/ml thymidine) were re-
quired to rescue the cells from cytidine-induced killing (e.g., see
Fig. 3). Table 4 shows that adenosine and guanosine have poten-
cies roughly similar to that of cytidine in minimal medium (with
0.1% tryptone broth), even though neither nucleoside is as potent

TABLE 1 Growth effect of cytidine on wild-type and dcd mutant strains
in LB medium

Cytidine concn (�g/ml)

Mean % growth � SD

WT dcd mutant

0 100 100
10 94.4 � 8.0 2.8 � 1.0
20 99.6 � 7.4 0.0 � 0.0
50 99.7 � 4.1 0.0 � 0.0

TABLE 2 Growth effects of nucleosides on wild-type and dcd mutant
strains in LB medium

Nucleoside concn (�g/ml)

Mean OD600 � SD

WT dcd mutant

Thymidine
0 5.50 � 0.30 4.51 � 0.20
100 5.56 � 0.24 5.75 � 0.06
1,000 6.38 � 0.19 6.45 � 0.19
2,000 7.17 � 0.19 6.97 � 0.11

Cytidine
0 5.50 � 0.30 4.51 � 0.20
100 5.92 � 0.24 0.00 � 0.00
1,000 6.28 � 0.16
2,000 6.65 � 0.11

Uridine
0 5.17 � 0.44 3.85 � 0.21
100 5.13 � 0.18 4.88 � 0.40
1,000 5.49 � 0.17 6.61 � 0.17
2,000 6.16 � 0.23 7.50 � 0.16

Adenosine
0 4.92 � 0.21 4.01 � 0.32
100 4.97 � 0.13 0.43 � 0.21
200 4.91 � 0.12 0.04 � 0.00

Guanosine
0 4.92 � 0.21 4.01 � 0.32
100 4.88 � 0.09 1.74 � 0.41
200 4.81 � 0.43 0.67 � 0.39
500 4.74 � 0.01 0.12 � 0.02

FIG 3 Thymidine rescues cytidine killing in the dcd mutant. The dcd mutant
was grown in LB medium with 50 �g/ml of cytidine and with various amounts
of thymidine (�g/ml). Percent growth was measured against a control in LB
medium without added cytidine (or thymidine).

FIG 4 Growth potentiation of the dcd mutant by thymidine in minimal me-
dium. Growth restoration with different, low concentrations of thymidine
after 18 h of growth (see Materials and Methods) was measured as a percentage
of growth of the culture with 50 �g/ml thymidine.
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an inhibitor as cytidine in LB medium (Table 2). Adenosine is
slightly more potent than cytidine in this regard, and guanosine is
moderately less potent.

Addition of cytidine to DCD-deficient strains causes cell kill-
ing by thymineless death. For minimal medium with 0.1% tryp-
tone, viable cell plots show that the addition of cytidine resulted in
cell death, as there was a loss of viability after 2 h (Fig. 5). This was
not as severe as the rapid death that results in thyA strains (e.g., see
reference 26) but represents cell death nonetheless.

DCD-deficient strains show increased sensitivities to a series
of antibiotics. We tested a series of antibiotics, representing dif-
ferent categories of antibiotics, at a range of concentrations in
both the wild-type and dcd strain backgrounds. DCD-deficient
strains are more sensitive to various degrees to each of the antibi-
otics tested, including ciprofloxacin (CPR), chloramphenicol
(CAM), tetracycline (TET), rifampin (RIF), cephradine (CEP),
erythromycin (ERY), nitrofurantoin (NIT), and vancomycin
(VAN). The concentration giving the largest difference between
the wild type and the DCD-deficient derivative is displayed in Fig.
6, and a set of concentrations for vancomycin is shown in Fig. 7.
The largest increases in sensitivity were seen for cephradine, ni-
trofurantoin, and vancomycin. The increased susceptibility to
vancomycin is striking. Vancomycin cannot penetrate the outer
membrane of Gram-negative bacteria (27), resulting in an MIC of
400 �g/ml (28) (data not shown). Many of the mutants that in-
crease this sensitivity have defects in cell wall or outer membrane
synthesis, although some (e.g., recA mutants) have defects in DNA
recombination or repair functions (29, 30). The fact that dcd mu-
tants have an MIC of vancomycin close to 50 �g/ml (Fig. 7) is
noteworthy, and we consider this in Discussion, below. Interest-

ingly, the addition of thymidine eliminated the increased sensitiv-
ity to vancomycin (data not shown).

Cytidine-mediated killing shows synergy with vancomycin
in DCD-deficient strains. Cytidine-induced killing of dcd strains
has a synergistic effect with vancomycin (Fig. 8), as the combina-
tion of the two treatments results in killing that was significantly
greater than the additive effect of each treatment alone (e.g., see
reference 25).

DISCUSSION

The size and balance of the deoxynucleotide triphosphate (dNTP)
pools are important for replication fidelity (for a review, see ref-
erence 31). Not only do unbalanced pools provoke an increase in

FIG 5 Loss of viability of the dcd mutant in minimal medium with 50 �g/ml
of cytidine. Approximately 103 cells were inoculated into different media (see
Materials and Methods), and samples were removed at different times and
plated directly onto LB medium for viable plate counts.

FIG 6 Increased sensitivity of the dcd mutant to various antibiotics. Cultures
of the wild type and the dcd mutant grown overnight containing different
concentrations of a given antibiotic were seeded with approximately 103 cells,
and after 18 h of incubation at 37°C, the OD600 was measured (see Materials
and Methods). The percentage of growth versus the respective strain in LB
medium with no antibiotic is shown. NITRO, nitrofurantoin.

TABLE 3 Growth inhibition of wild-type and dcd mutant strains by
cytidine in minimal medium with added thymidine

Cytidine concn
(�g/ml)

Thymidine concn
(�g/ml)

Mean % growth of the
dcd mutant � SD

0 0.005 80.1 � 3.7
0.5 0.005 5.1 � 0.7
1 0.005 3.8 � 0.5
3 0.005 3.5 � 0.4
0 50 100

TABLE 4 Growth effect of purines on wild-type and dcd mutant strains
in minimal medium with the addition of thymidinea

Purine concn
(�g/ml)

Mean % growth � SD

Adenosine Guanosine

WT
dcd
mutant WT

dcd
mutant

0 100 100 100 100
0.1 98.2 � 9.8
0.5 4.0 � 0.4
1 2.5 � 1.0 17.9 � 1.9
5 95.6 � 1.3 4.5 � 1.3
10 91.6 � 3.5 2.5 � 0.5 83.6 � 4.2 3.3 � 0.7
50 0.6 � 0.7 94.5 � 3.8 2.1 � 1.0
a A total of 0.005 �g/ml of thymidine was added to the medium in order to supplement
growth.
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mutagenesis (8, 13–15, 31–35), an increase in the total pools of all
four dNTPs also leads to increased numbers of mutations (36, 37),
and a decrease leads to reduced mutagenesis (38, 39). It is not
surprising, therefore, that cells have evolved intricate mechanisms
to control the size and balance of dNTP pools. These control
mechanisms center around ribonucleotide reductase (RNR), the
essential enzyme that generates dNDPs (deoxynucleoside diphos-
phates) from NDPs (nucleoside diphosphates) (for a review, see
reference 40). E. coli has 3 different RNRs, each comprised of two
different monomer subunits. The principal RNR used during aer-
obic growth is encoded by the nrdA and nrdB genes (see reference
40 and references therein). The enzyme has a catalytic site and two
separate binding sites for allosteric effectors. One effector binding
site modulates the reduction of specific NDPs in response to levels
of dGTP, dTTP, and dATP and to the ratio of ATP to dATP. The
second site serves as an on-off switch for the overall activity of
the enzyme, with the binding of dATP resulting in an inhibition of
the total activity. Here, a high ratio of dNTPs to ATP inhibits
enzyme activity, where dNTP is dATP, dTTP, or dGTP (e.g., see
reference 40). In E. coli, this scheme apparently breaks down, how-
ever, when DCD is deficient, since the primary route to dTTP is
eliminated (Fig. 1 and see below), and the cell must rely on the
UDP¡dUDP conversion by RNR to ultimately furnish dTTP
(Fig. 1A), yet RNR is now partly shut down.

DCD carries out the first step, a deamination, in converting
phosphorylated derivatives of deoxycytidine ultimately to de-
oxythymidine (1–5) (Fig. 1). In E. coli and in other gammaproteo-
bacteria, this step occurs at the triphosphate level (e.g., see refer-
ence 4 and 5), whereas in most Gram-positive bacteria and in yeast
and higher cells, this step occurs at the monophosphate level (6,
7). The direct effect of deleting the dcd gene is the buildup of dCTP
pools and the decrease of dTTP pools (5, 8, 11–14). As a result, this
leads to increased mutagenesis in cell culture (15), yeast (8, 11),
and E. coli (13); reduced growth rates (e.g., see reference 16); and,
in yeast, moderately increased sensitivity to DNA-damaging
agents (8). The increased mutagenesis is reduced or eliminated by

the addition of thymidine (15) (data not shown). Here, we show
that E. coli dcd mutants are extremely sensitive to exogenous aden-
osine, guanosine, or cytidine, in contrast to wild-type E. coli. The
dcd mutants grow slowly in the absence of thymidine, because the
primary pathway for thymidine synthesis involves the DCD-cata-
lyzed deamination of dCTP, which is now blocked (Fig. 1a). The
second route, via RNR reduction of UDP¡dUDP conversion,
provides only 20% of the normal amount of thymidine in E. coli
(see reference 41 and references therein). The addition of even
very low levels of thymidine improves growth to near-normal lev-
els (Fig. 4). However, as shown in Tables 1 to 4, the addition of
cytidine, adenosine, or guanosine kills dcd cells. Thus, it appears
that exogenous cytidine, adenosine, or guanosine is ultimately
converted to enough dCTP, dATP, or dGTP to sufficiently shut
down RNR to the point that an insufficient level of thymidine is
provided via the UDP¡dUDP pathway. Moreover, de Saint Vin-
cent and coworkers have shown that CTP strongly inhibits UDP
reduction by RNR from Chinese hamster cells (12). This shutting
down of RNR in a DCD-deficient background leads the cell into
thymineless death (Fig. 5), with the latter being a well-studied
phenomenon (e.g., see references 26, 42, and 43). A potential third
pathway, involving deamination of deoxycytidine (dC) to de-
oxyuracil (dU) by cytosine deaminase (CDD), is not available in E.
coli unless the deoA gene is inactivated (16, 18), as the deoA-en-
coded enzyme is a deoxycytidine phosphorylase that normally de-
grades dC and dU (18). In mammalian cell lines, this third path-
way is active, so cell lines such as human B lymphoblasts (Raji)
that carry a dcd mutation are not sensitive to cytosine (19) as they
are in E. coli, unless they are also deficient in CDD, as is the case
with Chinese hamster cell lines (12).

Wild-type E. coli is not sensitive to any of the exogenous
nucleosides (see, e.g., Table 2) at concentrations as high as 2 �
10�3 to 4 � 10�3 M. In cultured cells, the expansion of the dATP,
dGTP, or dTTP pools results in specific feedback inhibition of
RNR (e.g., see reference 40), ultimately resulting in decreased lev-
els of dCTP (20). (This is the inverse of the findings here for dcd
mutants, in which the expansion of the other dNTP pools limits
the dTTP pool.) Thus, different mammalian cell lines have been
shown to be sensitive to levels of exogenous adenosine, deoxyade-
nosine, deoxyguanosine, or thymidine of 10�5 M to �10�4 M (see
references 20 and 44 and references therein), and this toxicity can

FIG 7 Increased sensitivity of the dcd mutant to vancomycin (�g/ml). Cells
were grown with different concentrations of vancomycin (see the legend to Fig.
6). Percent growth is that compared to growth in LB medium alone for each
individual strain.

FIG 8 Synergistic effect of vancomycin with cytidine on the dcd mutant. Cells
were grown in LB medium or LB medium supplemented with vancomycin (25
�g/ml), cytidine (5 �g/ml), or vancomycin and cytidine. Percent growth is
compared to growth in LB medium alone.
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be relieved by exogenous cytidine or deoxycytidine (20). Some
mammalian cell culture mutants that are resistant to deoxyade-
nosine or deoxyguanosine were shown to have altered allosteric
regulation of RNR (34, 45, 46), with RNR now responding less to,
e.g., dGTP. Other resistant mutants had increased levels of RNR
(47), and some mutants resistant to adenosine had hyperactive
adenosine deaminase (44), an enzyme that normally reduces the
toxic level of adenosine. Certain autoimmune diseases result from
an inherited lack of this enzyme (see reference 45).

The increased sensitivity to antibiotics (Fig. 6 and 7) is high-
lighted by the greatly increased sensitivity to vancomycin, a glyco-
peptide that cannot normally penetrate the outer membrane of
Gram-negative bacteria (27, 48), precluding its use against Gram-
negative infections. It is noteworthy that vancomycin acts syner-
gistically with cytidine (Fig. 8). The increased sensitivity to vanco-
mycin is eliminated by the addition of thymidine (data not
shown). How can the excess dCTP and the decrease in the dTTP
pools result in increased sensitivity to vancomycin? One possibil-
ity is that in the partial thymineless state or (in the presence of
exogenous cytidine) the full thymineless state, there is a buildup of
irreparable chromosomal lesions (43) that act synergistically by
potentiating a very low and subinhibitory concentration of van-
comycin that penetrates the cell and that itself results in DNA
damage. Kohanski and coworkers have proposed and presented
evidence for the idea that all bactericidal antibiotics generate hy-
droxyl radicals that kill the cell by causing DNA damage (49) and
that the oxidation of guanine to 8-oxoguanine in the nucleotide
pools is a key mechanism by which this occurs (50). An expanded
examination of synergistic effects of vancomycin and other anti-
biotics in a DCD-deficient background might shed light on this
model. A second possibility is that the excess dCTP or the decrease
in the dTTP pools in a DCD-deficient mutant triggers a metabolic
imbalance that in some way affects outer membrane assembly.
The phenotype of DCD-deficient mutants with respect to antibi-
otics is similar to, although less severe than, that seen for SurA-
deficient mutants that are greatly affected in outer membrane as-
sembly. SurA is a crucial folding factor/chaperone for beta-barrel
proteins (29). If outer membrane assembly is aberrant, proteins
such as OmpA, OmpF, LamB, OmpC, and LptD are incorrectly
folded and rapidly degraded, which can be tested with antibodies
to these proteins by Western blotting. Interestingly, a survey of the
Keio collection of gene knockouts in E. coli found that of the few
mutants showing increased susceptibility to vancomycin, some

involved defects in DNA repair or recombination (e.g., recA mu-
tants), and others involved defects in outer membrane synthesis
(28, 30).

Combinatorial strategies for antibiotic use offer an expanded
repertoire of drug therapies (51). Of particular interest are poten-
tiators of existing antibiotics, or “codrugs,” a number of which
have been used in both laboratory (52, 53) and clinical (54–56)
settings. Also, Allison and coworkers demonstrated that specific
metabolites can potentiate aminoglycosides acting on E. coli and
Staphylococcus aureus biofilms (57). One desired potentiator
would sensitize Gram-negative bacteria to vancomycin. The dcd
mutants described here have an MIC of vancomycin of 50 �g/ml,
suggesting that small-molecule inhibitors of DCD would have the
same effect and would be useful potentiators. The three-dimen-
sional (3D) structure of E. coli DCD is known (41, 58), facilitating
drug design. The E. coli DCD enzyme shares extensive homology
among Gram-negative bacteria. Figure 9 compares DCD se-
quences among a set of enzymes from different gammaproteobac-
teria that are pathogens. The E. coli enzyme is 96% identical to
individual members of this group, such as Klebsiella pneumoniae,
with the group as a whole sharing 80% identity. It appears likely
that an inhibitor of the E. coli enzyme would also inhibit, for in-
stance, the DCD enzyme from K. pneumoniae, the leading cause of
nosocomial infection among patients in intensive care units (59).
Such a potentiator would have a narrow spectrum of action, since
DCDs from Gram-positive bacteria and humans have different
substrates (dCMP instead of dCTP), and the enzymes from Bacil-
lus subtilis and from humans share only weak homology (25% and
26% identities, respectively) to the E. coli enzyme. It is highly
unlikely that an inhibitor of the E. coli enzyme would affect either
the Gram-positive population or human cells. It is not clear how
many other Gram-negative bacteria outside the gammaproteo-
bacteria use DCD at the triphosphate level and how many use
DCD at the monophosphate level, since an examination of the
homologies to each of these enzymes from members of different
classes of Gram-negative bacteria gave ambiguous results (data
not shown). Biochemical experiments are needed to answer this
question. Other mutants shown to increase the sensitivity of E. coli
to vancomycin (surA [29] and smpA [28] mutants) define targets
as well. Also, recently, Morones-Ramirez and coworkers have
shown that silver sensitizes E. coli to a series of antibiotics, includ-
ing vancomycin (60), and Hamoud and coworkers reported that

FIG 9 Homologous alignment of DCDs among different gammaproteobacteria.
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EDTA potentiates the combination of vancomycin plus thymi-
dine (61).
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